Prostate cancer has one of the highest incidences of male malignant tumors worldwide. Its treatment involves the robotic implantation of radioactive seeds in the perineum, a safe and effective procedure for early, low-risk prostate cancer. In order to ensure precise positioning, the seed implantation needle is set at low terminal velocity. In this paper, the motion output position instability caused by the friction torque of the robot's motor and rotating joint during low velocity motion was analyzed and studied. This paper also presents a compensation control method based on the LuGre friction model, which offers piecewise parameter identification with GA-PSO. First, based on an analysis of its structure and working principle, the friction torque model of the robotic system and the torque model of the driving motor are established, and the influence of friction torque on motion stability analyzed. Then, based on experimental data of the relationship between velocity and friction torque for no-friction compensation, the velocity point of the minimum torque of the rotating joint and the critical Stribeck velocity point were used for segmental parameter identification; cubic spline interpolation was used for segmental fitting. Furthermore, on the basis of the LuGre model identification method, parameter identification of the genetic algorithm-particle swarm optimization, and compensation control of the LuGre friction model, a control method is analysed and set forth. Malab2017a/Simulink simulation software was used to simulate and analyze the control method, and verify its feasibility. Finally, the cantilever prostate seed implantation robot system was tested to verify the effectiveness of the segmented identification method and the compensation control strategy. The results reveal that motion output position stability at low velocity meets the requirements of the cantilever prostate seed implantation robot, thus providing a vital reference for further research.
postoperative recovery [12] . The authors in [13] [14] [15] [16] describe a rectangular coordinate structure that offers easier seed placement in a directional manner with the help of guide template. The authors of [17] [18] [19] adopt a parallel structure, wherein the puncture needle can be adjusted in such a way that offers smooth entry without the assistance of a guiding template.
Da Vinci Xi, a minimally invasive surgical robot developed by the American ISRG company in 2014 is used in most countries and regions (for e.g., in North America) [20] . Its structure is shown in Figure 1a : the robot has four operating arms attached to a rotating bracket that can move towards any part of the patient's body, and an endoscope that can be attached to any instrument arm. In addition, it has a smaller and thinner manipulator arm that can reduce collisions between robotic arms and offers a wider range of motion, mainly used in precise and complex minimally invasive surgery. However, in complex surgeries, the Da Vinci Xi robot has drawbacks: complexity of the kinematic structure, complicated operation, rapid fatigue, unwelcome impact on treatment results, and high cost. As shown in Figure 1b , the Da Vinci Xi robot was used to perform a urinary system interventional operation at Harbin Medical University, Heilongjiang Province, China; the procedure involved several people and took a long time. Thus, a surgical robot that offers suitable interventional puncture, simple structure, convenient operation, and low costs, is the need of the hour.
Electronics 2020, 9, issues, improper implantation of the radioactive seeds, and large soft tissue trauma-affect its therapeutic results [10, 11] . Research on minimally invasive surgical robotic procedures for urology began in the early 21st century. The use of robots in surgery offers high positioning accuracy, good movement stability, dexterity, and strong continuous working ability, in addition to less trauma to patients and quick postoperative recovery [12] . The authors in [13] [14] [15] [16] describe a rectangular coordinate structure that offers easier seed placement in a directional manner with the help of guide template. The authors of [17] [18] [19] adopt a parallel structure, wherein the puncture needle can be adjusted in such a way that offers smooth entry without the assistance of a guiding template.
Da Vinci Xi, a minimally invasive surgical robot developed by the American ISRG company in 2014 is used in most countries and regions (for e.g., in North America) [20] . Its structure is shown in Figure 1a : the robot has four operating arms attached to a rotating bracket that can move towards any part of the patient's body, and an endoscope that can be attached to any instrument arm. In addition, it has a smaller and thinner manipulator arm that can reduce collisions between robotic arms and offers a wider range of motion, mainly used in precise and complex minimally invasive surgery. However, in complex surgeries, the Da Vinci Xi robot has drawbacks: complexity of the kinematic structure, complicated operation, rapid fatigue, unwelcome impact on treatment results, and high cost. As shown in Figure 1b , the Da Vinci Xi robot was used to perform a urinary system interventional operation at Harbin Medical University, Heilongjiang Province, China; the procedure involved several people and took a long time. Thus, a surgical robot that offers suitable interventional puncture, simple structure, convenient operation, and low costs, is the need of the hour. A cantilevered articular robot is used when performing interventional puncture to treat prostate cancer. This kind of robotic structure is suitable for human perineal stenosis surgery. However, when the cantilever joint configuration is operated at low velocity and high precision, the changing gravitational torque causes the motor to drive the torque amplitude to fluctuate greatly, and the motor and the robot deteriorates the low velocity motion stability of the robot. Experts and scholars have, thus, been conducting research on robot torque balance [21] [22] [23] .
H. S. Baassan et al. [24] designed a 5-degree-of-freedom flexible hybrid seed implantation mechanism and added a spring with length of 50 mm and stiffness of 0.72 N/mm at the end of the parallel mechanism. The torque generated by the spring was used to balance the heavy torque of the implant. Po-yang Lin et al. [25] studied the elastic balance system of a 3-degree-of-freedom arm, loaded two pull springs onto the connecting rod to balance its own gravity, and solved the appropriate spring stiffness and loading position by establishing a quantitative representation of the maximum stable control stiffness. A cantilevered articular robot is used when performing interventional puncture to treat prostate cancer. This kind of robotic structure is suitable for human perineal stenosis surgery. However, when the cantilever joint configuration is operated at low velocity and high precision, the changing gravitational torque causes the motor to drive the torque amplitude to fluctuate greatly, and the motor and the robot deteriorates the low velocity motion stability of the robot. Experts and scholars have, thus, been conducting research on robot torque balance [21] [22] [23] .
H. S. Baassan et al. [24] designed a 5-degree-of-freedom flexible hybrid seed implantation mechanism and added a spring with length of 50 mm and stiffness of 0.72 N/mm at the end of the parallel mechanism. The torque generated by the spring was used to balance the heavy torque of the implant. Po-yang Lin et al. [25] studied the elastic balance system of a 3-degree-of-freedom arm, loaded two pull springs onto the connecting rod to balance its own gravity, and solved the appropriate spring stiffness and loading position by establishing a quantitative representation of the maximum stable control stiffness.
However, in addition to the action of the heavy torque, the friction torque generated by the motor and the mechanism during motion is an important factor affecting the stability of the low velocity motion, and there is little research on it.
Therefore, in combination with the above studies, this paper analyzes the influence of the friction torque of robotic joints on motion stability at low velocity. Based on the experimental data of the relationship between velocity and friction torque in the case of no-friction compensation, the velocity point of the minimum torque of the rotating joint and the critical Stribeck velocity point Electronics 2020, 9, 284 3 of 23 were used as boundary points for segmental parameter identification; cubic spline interpolation was used for segmental fitting equation. Furthermore, the control strategy of the LuGre model is studied: the LuGre model and identification method, parameter identification based on genetic algorithm-particle swarm optimization, and compensation control based on the LuGre friction model. Malab2017a/Simulink was used to simulate and analyze the control strategy to verify its feasibility. Finally, the cantilever prostate seed implantation robot system was tested to verify the effectiveness of the piecewise identification method using the LuGre model and the compensation control strategy based on the genetic algorithm-particle swarm optimization (GA-PSO)-for parameter identification of the LuGre friction model. This model was found to meet the requirements of the cantilever prostate seed implantation robot for position output motion stability at low velocity, providing a vital reference for related research in the field.
Structure and Principle
The surgical method of inserting radioactive particles into the prostate is by interventional puncture. During the implantation, the patient is in a supine position with both legs on a leg frame and buttocks at the very end of the bed. This position offers maximize perineum exposure: the legs and torso in the vertical axis are at 90 •~1 00 • , the leg bracket clasps the calf muscle, the knee is bent at 90 •~1 00 • (parallel to the calf), and the lower limbs are around 80 •~9 0 • apart; in this position, the needles are inserted in a horizontal direction.
Therefore, the cantilevered prostate implant robot adopts a horizontal and linear motion, and the axis of the needle is always in a horizontal state. The motion mode of the actuator on the robot positions it as required for the procedure, while the working mode of the robot selects the serial open chain robot, which is composed of a moving pair and two rotating pairs.
The three-dimensional model of the robot is shown in Figure 2 . The joint drive motor of the robot with prostate seeds implanted is located on the base, and the axis coincides with the rotation axis of the big arm. Using a parallelogram mechanism, the motion of the motor is transferred to the forearm. In order to keep the actuator horizontal, the implant needle carrier platform is connected to the rotary joint of the big arm using a parallelogram mechanism, where, big arm length is 400 mm, forearm length is 450 mm, and the particle implantation mechanism is 500 mm long.
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The surgical method of inserting radioactive particles into the prostate is by interventional puncture. During the implantation, the patient is in a supine position with both legs on a leg frame and buttocks at the very end of the bed. This position offers maximize perineum exposure: the legs and torso in the vertical axis are at 90°~ 100°, the leg bracket clasps the calf muscle, the knee is bent at 90°~ 100° (parallel to the calf), and the lower limbs are around 80°~ 90° apart; in this position, the needles are inserted in a horizontal direction.
Therefore, the cantilevered prostate implant robot adopts a horizontal and linear motion, and the axis of the needle is always in a horizontal state. The motion mode of the actuator on the robot positions it as required for the procedure, while the working mode of the robot selects the serial open chain robot, which is composed of a moving pair and two rotating pairs. 1. Base; 2. Joint 1; 3. Joint 2; 4. Big arm; 5. Parallelogram mechanism; 6. Forearm; 7. The implant needle is mounted onto a platform; 8. Seed implantation mechanism The three-dimensional model of the robot is shown in Figure 2 . The joint drive motor of the robot with prostate seeds implanted is located on the base, and the axis coincides with the rotation axis of the big arm. Using a parallelogram mechanism, the motion of the motor is transferred to the forearm. In order to keep the actuator horizontal, the implant needle carrier platform is connected to the rotary joint of the big arm using a parallelogram mechanism, where, big arm length is 400 mm, forearm length is 450 mm, and the particle implantation mechanism is 500 mm long. In order to ensure precision in seed implantation, the fast-tuning robotic arm delivers the implant mechanism to the patient's perineum near the point of implantation. Then, by fine-tuning the drive joint of the manipulator at low velocity, the seed implantation needle aims precisely at the implantation point. Finally, through the seed implantation mechanism, the seed implantation needle is inserted horizontally into the focal area on the patient's body. In order to enhance the treatment and reduce trauma, this paper studies the robotic big arm joint and examines its effects with low velocity and Electronics 2020, 9, 284 4 of 23 high precision regulations. Thus, on combining the clinical experience of urologists at Harbin Medical University with the structure shown in Figure 2 , it was found that the tip of the big arm needs to drive forearm movement with linear velocity of 0.01 mm/s-0.05 mm/s. Therefore, the rotational speed of the robotic big arm needs to be adjusted to 0.001 • /s-0.007 • /s.
It can be seen from Figure 2 that the robot is in a cantilever state when working, and the torque generated by the cantilever dead weight, motor, and joint friction force changes the kinematic characteristics and dynamic performance of the robot at work. Therefore, this paper analyzes the influence of the cantilever prostate implant robot's motor and the effect of the torque generated by joint friction on low velocity motion control performance.
Establishment of a Motor Model and Analysis of Influence of Motion Stability
As the main auxiliary medical device in the treatment of prostate cancer, the cantilever prostate seed implantation robot requires high position accuracy and stability, and its performance has a direct impact on smooth implementation of the surgical treatment. As a key index to evaluate the performance of the robot, the stability of the manipulator at low velocity cannot be ignored.
The accuracy and stability of the cantilever prostate seed implantation robot system is directly affected by the existence of nonlinear factors. When it runs at low velocity, the nonlinearity is more obvious. The oscillations and unsteadiness thus caused will result in steady-state error and affect the tracking accuracy. Therefore, it is necessary to analyze the factors that affect the low velocity performance of the cantilever prostate seed implantation robot. An important factor to be considered is the friction torque caused by motor shaft rotation. Therefore, a mathematical model of its motor system and joint torque needs to first be established, followed by analysis of the influence of friction torque on the stability of the robot's motion velocity.
Joint Friction Torque Model of Robot System
When considering the joint friction torque of the cantilever prostate seed implantation robot, the second order nonlinear ordinary differential Equation (1) is generally used [26, 27] :
where τ f is the nonlinear friction torque of the robot joint; J m (θ)
..
θ is the action of inertial moment;
θ is the action of coupling moment and centrifugal moment. G(θ) is gravity torque; τ is the control input torque, τ = rτ d , τ d is the motor output torque, r is the reduction ratio of the reducer.
In order to identify the friction parameters of the rotating joint friction model, it is necessary to establish a mapping between the friction torque and the joint velocity of the rotating joint at low velocity. Combined with the variable torque compensation device of the robot arm, the gravity of the big arm and forearm of the robot can be compensated in real time, and the impact of load on the friction torque at the robot joints can be ignored [28] ; G(θ) = 0.
If one of the joints in the robot is moved and the other joints are locked, the coriolis force and centrifugal force are 0. Since the big arm and the forearm drive joints of the robot use the same kind of reducer, friction torque at the big arm joints is used for modeling in this paper:
θ
(2)
Motor Model of Robot System
Since the rotating joint of the big arm and forearm of the robot is driven by a DC motor, the voltage and torque balance equation of the servo system can be described as follows:
1.
Armature voltage balance equation of the DC motor:
where U 1 is the input voltage of the motor; R is the equivalent resistance of the motor armature; L is the inductance of the motor; E is the back potential of the motor, E = K e . θ, θ is the angle position.
2.
Torque balance equation of the brushless DC motor:
where J is the equivalent moment of inertia of the brushless DC motor;
. θ is the velocity of the brushless DC motor; M f is the total disturbance moment; B f is the viscosity coefficient, which is generally negligible; M 0 is the constant disturbance moment; M c is the actual torque output of the motor, M c = τ f = K m i, K m is the torque coefficient of the motor; i is the armature current; M k is the torque load generated when the needle is inserted.
Because the low velocity movement of the robot is a precise positioning step outside the body, the load torque M k generated by the needle relative to the puncture is 0.
After Laplace transform of the above equations, we temporarily set the perturbation moment M f equal to 0, take the voltage U 1 of the brushless dc motor as the input, and the velocity of the brushless dc motor . θ as the output; its transfer function is then expressed as follows:
. θ(s)
It can be seen from Equation (6) that the electromagnetic time constant of the motor T e = L/R, and the mechanical time constant of the motor T m = JR/K m K e . Therefore, Equation (6) can be decomposed into two inertial links, as shown in Equation (7):
When the robot operates at low velocity, T e is generally much smaller than T m , and the system mainly works in a frequency segment that has low bandwidth at low velocity. Thus, we can ignore the effect of L. Therefore, Equation (7) can be further simplified to Equation (8):
Effect of Friction Torque on Motion Stability of Robot Joints at Low Velocity
The robot moves due to static friction force on the rotating joint, DC motor, and reducer. During motion, the static friction force is always greater than the dynamic friction force, creating a large imbalance angle. When the rotating joint of the robot moves, the static friction force becomes the dynamic friction force, and the friction force gradually decreases. However, due to the inertia of the system itself, the robotic joint increases its rotation, making the misalignment angle smaller and decreasing the motor torque. As a result, the rotating joint begins to decelerate. When the rotating velocity advances towards 0, the friction force of the rotating joint, the DC motor, and the reducer is transformed into static friction force. The friction torque instantly increases, forcing the mechanical arm to stop rotating. However, as the instructions to move continue, the imbalance angle continues to Electronics 2020, 9, 284 6 of 23 increase. In order to overcome the static friction force, the output torque of the motor increases again, and the rotating joint re-enters a rotational state. Because this is constantly repeated, it results in what is called the "shake with crawl" phenomenon.
Research on Control Methods Based on the LuGre Friction Model
PID is commonly used as a control method for medical robots [29] . When the robot joint runs at low velocity, its velocity control has an obvious nonlinear form, which leads to the generation of phenomena of creep and instability, subsequently affecting low velocity motion performance. Therefore, it is not enough to linearize control with the PID. Among other nonlinear factors, friction torque is the most important factor affecting motion stability of the robot at low velocity. Therefore, it is necessary to design a control strategy to analyze and study the instability caused by friction torque, so as to ensure that the robot runs smoothly at low velocity.
LuGre Model and Parameter Identification Method

Establishment of the LuGre Model
When compared to other control methods, the friction model-based compensation control method is more specific and effective for friction compensation control of robotic joints at low velocity. According to one study, when compared to other friction models, the LuGre friction model can reflect pre-slip displacement, Stribeck effect, hysteresis, etc.; it is a relatively complete friction model and can accurately describe friction characteristics [30] [31] [32] . Therefore, the LuGre friction model is adopted in this paper, and its mathematical expression is given as follows:
where σ 0 is the stiffness coefficient of bristles; σ 1 is the setae damping coefficient; σ 2 is the coefficient of viscous friction; z is the average amount of deformation of the bristles; g( . θ) describes the Stribeck effect; F c is coulomb friction; F s is the maximum static friction force;
. θ s is Stribeck velocity. At constant low velocity, the friction torque of the rotating joint of the robot under steady state is expressed as:
where F( . θ) function represents the Stribeck curve of angular velocity and friction torque; the
section describes the Stribeck effect. Critical Stribeck velocity is generally very small, but the value varies from device to device. In the cantilever prostate seed implantation robot used in this paper, critical Stribeck velocity . θ s of the big arm joint was measured at 1.2 • /s. When the rotating joint of the robot moves at high velocity, its friction torque can be simplified as:
According to Equation (11), when the robot joint is running at high velocity, friction torque is mainly manifested as a combination of Coulomb friction torque and viscous friction torque. The friction torque has no mutation; therefore, it has little impact on the system. However, when the robot joint is running at low velocity, the Stribeck effect cannot be ignored. In such a situation, the friction torque shows strong nonlinearity and has a significant impact on the system. Electronics 2020, 9, 284 7 of 23
Parameter Identification Method
After establishing the friction model, parameter identification is important for subsequent friction compensation control. The LuGre friction model needs to identify a total of six parameters, four of which are static, including Coulomb friction torque, maximum static friction torque, viscous friction coefficient, and Stribeck velocity. Two are dynamic parameters, namely, stiffness coefficient of bristles and damping coefficient of bristles.
A two-step identification method is often used to identify the parameters of the LuGre friction model. Static parameters are identified first. The accuracy of the friction model mainly depends on static parameter identification. First, an open-loop system was constructed to allow the revolute joint to run uniformly at different velocities. At this point, the driving force was equal to the friction force. The velocity value and corresponding friction torque value were recorded. Then, a curve fitting method was used to fit the Stribeck curve and identify the static parameters. Finally, the dynamic parameters were identified based on the static parameters.
Parameter Identification Based on Genetic Algorithm-Particle Swarm Optimization
The LuGre friction model has six parameters. Four Stribeck static parameters need to be identified by intelligent algorithms; however, most researchers mainly use genetic algorithms or particle swarm optimization algorithms. Because these two algorithms are prone to premature or local extremum in the process of seeking an optimal solution, their accuracy in identifying parameters is affected. In order to overcome their shortcomings, in this paper, genetic algorithm-particle swarm optimization (GA-PSO) [33, 34] is used for static parameter identification. Based on identification of the static parameters, the local linearization method was used to estimate the dynamic parameters of the LuGre friction model.
The Flow of GA-PSO
1.
The particle swarm was initialized to determine the population range and position of each particle x i and velocity v i .
2.
Set the population size of the genetic algorithm (GA), determine the crossover probability, mutation probability, maximum iteration times, etc.
3.
A genetic algorithm is used to encode the initial value of the particle swarm. 4.
The coded genetic operators are selected, crossed, and mutated.
5.
Decodes, calculates fitness values, and adjusts them. 6.
If iteration times are met, the fitness value is output; if not, step (3) is returned. 7.
Particle swarm optimization (PSO) was used to compare the individual extremum according to the fitness value obtained by (5) . If it is found to be better than the individual extremum, it is identified as the current global optimal position. 8.
The global extremum is compared according to the fitness value obtained by (5) . If it is found to be better than the global extremum, it is identified as the current optimal position and the optimal solution is selected. 9.
If the termination condition is met, the optimal parameter is output; if the termination condition is not met, proceed to (10). 10. As per updates on particle swarm velocity and position, the positions of particle xi and velocity vi are optimized to generate new population particles. 11. Return (3).
Static Parameter Identification
The static parameter identification of the LuGre friction model is essentially parameter identification of the Stribeck model, because the latter is a steady-state model. In this paper, identification As can be seen from Figure 3b , the critical Stribeck velocity of the cantilevered prostate seed implantation into the big arm of the robot was about 1.2 °/s, and when the joint velocity exceeded the critical Stribeck velocity, the friction effect became stable. Therefore, according to Equations (10) and (11), static parameter identification of the LuGre friction model can be divided into a low velocity segment and a high velocity segment, in which the former has the lowest torque when velocity is about 0.05 °/s. Most researchers mainly identify a group of results from the low and high velocity segments as a whole [36] [37] [38] [39] [40] . However, the friction torque shows a nonlinear trend in moving from low to high velocity segments; thus, tracking precision of the friction torque is difficult to guarantee.
In the velocity point region of the lowest friction torque, and when the rotating joint undergoes repeated acceleration and deceleration fine-tuning, the variation in maximum static friction torque is inconsistent, the main reasons for this being as follows:
1. When the rotating joint moves from rest to start, the system has a static friction torque and a large torque of rotational inertia.
2. When the rotating joint moves from motion to rest, the system has a dynamic friction torque and a small torque of rotational inertia. This value is much smaller than that of the friction torque at startup.
As a result, in the preoperative preparation stage, friction torque interference is formed in a large area near the point of velocity at the minimum torque during the calibration adjustment, thus affecting positioning accuracy.
Therefore, according to the experimental results, this paper proposes a segmented parameter identification method. The fitting equation is divided into three parts with minimum velocity point of torque and critical Stribeck velocity point as boundary points. In order to ensure continuity of the equation as a whole, in the low velocity segment section, two methods are adopted, acceleration and deceleration. The cubic spline interpolation curve is used to fit them, and the two equations are tangent to each other at the velocity point of the minimum torque; the values of the two equations are equal here. The piecewise equation for low to high velocity is fitted with the cubic spline interpolation curve based on the end parameters of the upper segment as the starting parameters. The fitting results are shown in Figure 4 . The big arm joint of the robot was taken as an example for the analysis. According to the surgical velocity requirements of the cantilevered prostate seed implantation robot, the joint was moved at constant velocity within the rotation velocity range of (0~1.5) • /s, and the value of friction torque at different velocities was recorded.
Identification range of static parameters:
. Thirty values of torques were recorded at the same velocity, and their average values taken. A total of 92 sets of torques were measured. Figure 3b shows the relationship between friction torque and rotation velocity in the big arm joint system of the robot. The two blue points M 1 and M 2 in the figure represent-in the process of deceleration regulation-velocity that is less than that at the minimum torque and the value of the friction torque at such a velocity, respectively. In order to obtain accurate static parameters of the LuGre friction model, the measured experimental data is first fitted with a cubic spline interpolation curve [35] . The identification model is then established by comparing the obtained polynomial equation of angular velocity-friction torque with the F( . θ) equations represented by Equations (10) and (11) . Finally, (GA-PSO) is used to identify Stribeck parameters so as to obtain the static parameters of the LuGre friction model.
As can be seen from Figure 3b , the critical Stribeck velocity of the cantilevered prostate seed implantation into the big arm of the robot was about 1.2 • /s, and when the joint velocity exceeded the critical Stribeck velocity, the friction effect became stable. Therefore, according to Equations (10) and (11), static parameter identification of the LuGre friction model can be divided into a low velocity segment and a high velocity segment, in which the former has the lowest torque when velocity is about 0.05 • /s. Most researchers mainly identify a group of results from the low and high velocity segments as a whole [36] [37] [38] [39] [40] . However, the friction torque shows a nonlinear trend in moving from low to high velocity segments; thus, tracking precision of the friction torque is difficult to guarantee.
1.
When the rotating joint moves from rest to start, the system has a static friction torque and a large torque of rotational inertia.
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2.
When the rotating joint moves from motion to rest, the system has a dynamic friction torque and a small torque of rotational inertia. This value is much smaller than that of the friction torque at startup.
Therefore, according to the experimental results, this paper proposes a segmented parameter identification method. The fitting equation is divided into three parts with minimum velocity point of torque and critical Stribeck velocity point as boundary points. In order to ensure continuity of the equation as a whole, in the low velocity segment section, two methods are adopted, acceleration and deceleration. The cubic spline interpolation curve is used to fit them, and the two equations are tangent to each other at the velocity point of the minimum torque; the values of the two equations are equal here. The piecewise equation for low to high velocity is fitted with the cubic spline interpolation curve based on the end parameters of the upper segment as the starting parameters. The fitting results are shown in Figure 4 .
is inconsistent, the main reasons for this being as follows:
Therefore, according to the experimental results, this paper proposes a segmented parameter identification method. The fitting equation is divided into three parts with minimum velocity point of torque and critical Stribeck velocity point as boundary points. In order to ensure continuity of the equation as a whole, in the low velocity segment section, two methods are adopted, acceleration and deceleration. The cubic spline interpolation curve is used to fit them, and the two equations are tangent to each other at the velocity point of the minimum torque; the values of the two equations are equal here. The piecewise equation for low to high velocity is fitted with the cubic spline interpolation curve based on the end parameters of the upper segment as the starting parameters. The fitting results are shown in Figure 4 . According to the results of the fitting equation shown in Figure 4 , and using the curve function toolbox cftool in Matlab-2017a, the "Sum of Sin" function was constructed for the three groups of cubic spline interpolation curves. Three linear equations of friction torque changing with the rotation velocity of the ring motion joint are obtained. The general formula M T is as follows:
where, when The identification model is then constructed according to Equation (12), Equation (10), and Equation (11).
GA-PSO Recognition Algorithm Design
Ga-PSO is a hybrid of GA and PSO. The formation of this algorithm is as per the following steps:
Electronics 2020, 9, 284 10 of 23
Step 1: Setting up of basic parameters 1.
Selection of parameters in the PSO algorithm Population size particle number is 100, population range of each parameter is set according to the range given in Section 4.2.2, dimension is 4, inertia weight is w = 0.62, learning factors c 1 = 2, c 2 = 2, and the number of iterations is 100.
2.
Selection of Ga parameters The population size is 20, individual length is 10, crossover probability P c = 0.9, variation probability P m = 0.005, and the number of iterations is 20.
Step 2: Fitness value calculation 1.
Identification error
2.
Select the target function
Then, the fitness function is established as per the identification model:
Step 3: Updating the formula of PSO algorithm's position and velocity:
where r 1 and r 2 are mutually independent random numbers, and the range of variation is between 0 and 1; p is is the individual extreme value; p gs is the global extreme value; x is represents the current position of the particle; v is represents the current velocity of the particle.
The static parameter identification of the LuGre model was carried out according to the flow of GA-PSO as described in Section 4.2.1.
Process and Results of Parameter Identification
In order to verify the effectiveness of GA-PSO identification, the low-speed segment (1) in the M T Equation (12) was chosen for identification. PSO and GA-PSO were used for comparative analysis. Figure 5a ,b are fitness curves of PSO and GA, respectively.
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As shown in Figure 6 , the program was written with Matlab2017a software, the friction model was built on the Simulink module, the sampling time was set to 1 ms, and the results were obtained by identification operation based on the Romberg integral solver. As can be seen from Figure 6 , the solid black line is the fitting curve of the test data, and the dotted red line is the Stribeck curve obtained after parameter identification by GA-PSO. The change process of the two curves is basically the same, and the equations of the low and high velocity segments are continuous and stable, which verify the accuracy of parameters identified by GA-PSO. As shown in Figure 5b , after 100 identification operations, the number of iterations of the GA-PSO converges at (10-13) times, and its adaptive value finally tends to be stable at 30. As can be seen from the comparison between Figure 5a and Figure 5b , the convergence velocity of PSO is significantly slower than that of GA-PSO. Therefore, GA-PSO is adopted for static parameter identification, which preserves not only the search velocity of PSO, but also the diversity of GA, and improves the overall search ability and accuracy of parameter optimization.
Then, the low velocity segment (2) and high velocity segment (3) in the MT Equation (12) are compared with Equation (10) and Equation (11) . The fitness function and identification model were established, and GA-PSO used for identification. The results of the three-segment identification were combined to obtain the Stribeck identification curve. After identification by GA-PSO, three group identification results of the static parameters of the LuGre friction model, corresponding to the three-segment curve equation, are shown in Table 1 . 
Dynamic Parameter Identification
Four static parameters in the LuGre friction model were identified by GA-PSO in Section 4.2.4. Next, only the stiffness coefficient σ 0 and damping coefficient σ 1 of the bristles of the two dynamic parameters need to be identified on the basis of the static parameters obtained.
When a small force is applied to the system and it is still in a static state without obvious sliding, the system is said to be in a pre-sliding phase. Equation (9) can be approximately expressed as:
At this point, the system can be approximately regarded as a second-order system, and a tiny step signal is input into the system. When the motion stops:
where: θ(t) pre-slip displacement; F(t) produces the moment of pre-slip displacement θ(t). ∆F is measured by the torque sensor and ∆θ by the photocode board. Then, according to the authors of [41] , the damping coefficient of the bristles σ 1 can be estimated approximately by Equation (18):
where J is the equivalent moment of inertia of the system. The values of σ 0 and σ 1 are shown in Table 2 . Based on the static and dynamic parameters obtained above, an accurate LuGre friction model capable of achieving better friction compensation control can be determined.
Feedforward Compensation Control Based on the LuGre Friction Model
The so-called compensation control based on the friction model is actually feedforward compensation to the system. The friction force is calculated by a friction model on the basis of certain outputs, and then the estimated friction torque is superimposed on the control torque to reduce friction.
The friction model selected in this paper is the LuGre friction model. Due to the friction state z in the model, specific values cannot be obtained by measurement or calculation. Therefore, a friction state observer must also be designed to estimate friction torque based on the observed state, and then friction compensation control can be carried out by using the controller. According to the mathematical model established in Sections 3.1 and 3.2, and the LuGre friction model, a basic block diagram of compensation control is established, as shown in Figure 7 . In the absence of position control, velocity command is given separately; if given as position signal input, velocity signal input is 0; thus, the velocity command is dotted. Because the implant needle was not inserted into the body when the mechanical arm was adjusted at low velocity, and as it is a process of in vitro regulation, the other interference friction torque was temporarily set to 0.
The so-called compensation control based on the friction model is actually feedforward compensation to the system. The friction force is calculated by a friction model on the basis of certain outputs, and then the estimated friction torque is superimposed on the control torque to reduce friction. The friction model selected in this paper is the LuGre friction model. Due to the friction state z in the model, specific values cannot be obtained by measurement or calculation. Therefore, a friction state observer must also be designed to estimate friction torque based on the observed state, and then friction compensation control can be carried out by using the controller. According to the mathematical model established in Sections 3.1 and 3.2, and the LuGre friction model, a basic block diagram of compensation control is established, as shown in Figure 7 . In the absence of position control, velocity command is given separately; if given as position signal input, velocity signal input is 0; thus, the velocity command is dotted. Because the implant needle was not inserted into the body when the mechanical arm was adjusted at low velocity, and as it is a process of in vitro regulation, the other interference friction torque was temporarily set to 0.
Based on the control block diagram shown in Figure 7 and the LuGre friction model equation mentioned above, the observer equation is established as follows:
Where,ẑ andˆf M are the observed values of z and friction torque Mf ; k is a constant greater than 0.
The observer error: Based on the control block diagram shown in Figure 7 and the LuGre friction model equation mentioned above, the observer equation is established as follows:
whereẑ andM f are the observed values of z and friction torque M f ; k is a constant greater than 0. The observer error:
The control law can be obtained by adding the estimation model to the velocity controller:
where J is the equivalent moment of inertia; v is the velocity input signal (v can be expressed as . θ d or u 1 ); e is velocity tracking error; H(s) is the velocity controller (PID); u 2 = H(s)e.
When Equations (4), (21) , and (24) are set together, after Laplace transform, the following can be obtained:
If H(s) makes B(s) strictly regular, state error z, friction torque estimation error M f and velocity error e will converge to 0.
According to the above, the friction force obtained by the observer will also gradually converge to the actual friction torque so that the controller can compensate the friction torque in the revolute joint.
Simulation Analysis
Simulation Pre-Experiment
In order to verify the feasibility of the friction compensation control strategy, Matlab2017a/Simulink was used for simulation. If the effect is not ideal, the program can be modified again and the cause of the problem found in time to avoid damage to the experimental equipment. If the effect is satisfactory, it can be safely applied. Previously, experimental data were collected for cantilever beam prostate seed implantation into the arm joint of the robot to identify the static and dynamic parameters of the LuGre friction model. Therefore, this section will take relevant parameters as the research object for simulation and experiment.
In order to prove that there is friction in the movement of the arm joint of the robot when the cantilevered prostate seed implantation robot is fine-tuned (affecting its stability during low-velocity operation), a simulation analysis was done. The framework is shown in Figure 7 ; the velocity loop and position loop are closed. In a consequent step, a step signal was input with velocity of 0.005 • /s, and the angle position curve of the output of the revolute joint system was obtained, as shown in Figure 8 . The red line is the theoretical angular position curve, and the black line is the simulation angle position curve. On comparing the theoretical and simulation curves, errors and serious creeping phenomena were found.
As can be seen from the above situation, friction torque has a great impact on the dynamic performance and steady state of the revolute joint. In order to reduce these effects, the friction torque needs to be compensated and controlled. Next, simulation analysis is carried out to verify the effect of friction compensation control.
PID Control Mode
According to Figure 7 , a simulation control frame of PID control of the revolute joint is established and the sine signal of
The results are shown in Figure 9 , where the solid red line is the input curve and the dotted blue line is the output trace curve. As can be seen from Figure 9a , because of friction interference in low velocity rotation, the PID control method has a small deviation in position tracking, and the control effect is not very good. A large position error is shown in Figure 9b ; the main cause of this is because when the sinusoidal position signal is in the peak region, its velocity is 0, thus producing large friction torque interference. The red line is the theoretical angular position curve, and the black line is the simulation angle position curve. On comparing the theoretical and simulation curves, errors and serious creeping phenomena were found.
According to Figure 7 , a simulation control frame of PID control of the revolute joint is established and the sine signal of 3 sin(0.8πt) is input into it. The results are shown in Figure 9 , where the solid red line is the input curve and the dotted blue line is the output trace curve. As can be seen from Figure 9a , because of friction interference in low velocity rotation, the PID control method has a small deviation in position tracking, and the control effect is not very good. A large position error is shown in Figure 9b ; the main cause of this is because when the sinusoidal position signal is in the peak region, its velocity is 0, thus producing large friction torque interference.
established and the sine signal of ) 8 . 0 sin( 3 t  is input into it. The results are shown in Figure 9 , where the solid red line is the input curve and the dotted blue line is the output trace curve. As can be seen from Figure 9a , because of friction interference in low velocity rotation, the PID control method has a small deviation in position tracking, and the control effect is not very good. A large position error is shown in Figure 9b ; the main cause of this is because when the sinusoidal position signal is in the peak region, its velocity is 0, thus producing large friction torque interference. Figure 8 , the effect is found to be a bit better.
The above diagram shows that the PID control effect is not ideal, as it cannot eliminate the crawling phenomenon that arises when the revolute joint is at low velocity, and does not improve its performance.
LuGre Model Control Mode
On the basis of the PID position control simulation framework, the compensation control strategy of the LuGre model identified by GA-PSO is identified, the segmentation identification method adopted, and the sine signal of 3 sin(0.8πt) input into it. The results in Figure 10a show that the position tracking effect is obviously better than the PID control effect, where the solid red line is the input curve and the dotted blue line is the output trace curve. The position error is shown in Figure 10b . It is obvious that the position error has also greatly decreased, as compared to the PID control.
In the step response velocity simulation process, in this paper, PSO, GA, and GA-PSO are used for comparative analysis. The PSO and GA identification LuGre model adopts the whole identification method. Similarly, the step response signal with a velocity of 0.005 • /s was input into the simulation model and the position control is turned off. The results are shown in Figure 10c , where the red line represents the theoretical angular position curve with a velocity of 0.005 • /s; the blue, green, and black lines represent the simulation angular position curve of the LuGre friction model compensation control identified by PSO, GA, and GA-PSO, respectively.
for comparative analysis. The PSO and GA identification LuGre model adopts the whole identification method. Similarly, the step response signal with a velocity of 0.005 °/s was input into the simulation model and the position control is turned off. The results are shown in Figure 10c , where the red line represents the theoretical angular position curve with a velocity of 0.005 °/s; the blue, green, and black lines represent the simulation angular position curve of the LuGre friction model compensation control identified by PSO, GA, and GA-PSO, respectively. As can be seen from Figure 10c , the step velocity input-angle position output curve by the LuGre friction model compensation has a good tracking effect and no creeping phenomenon. However, the angle position output controlled by the LuGre friction model identified by PSO and GA still have a 2s "dead zone" phenomenon. On using GA-PSO to identify the LuGre friction model for compensation control, the "dead zone" phenomenon is reduced to less than 1s, and stability of the control is improved.
When compared to the PID control method and the compensation control method based on the LuGre friction model that offers piecewise parameter identification by GA-PSO, the simulation results show that the control method based on the LuGre friction model can reduce the impact of friction torque, eliminate the crawling phenomenon, alleviate the "dead zone" phenomenon in a low velocity state, and improve the low velocity stability of the robot.
Results and Discussion
Control System Introduction and Friction Torque Test Analysis
In Section 4.2.2, a cantilever beam prostate seed implantation robot is introduced; its control system adopts an upper and lower machine structure. Correspondingly, in the test, an upper computer (with a GUI interface made by Matlab2017a) and a lower computer (with an XPC that was compatible with the upper computer's algorithm program) was used. Hit-pc104-hxl-p515 was used to collect torque and angular position sensor signals for each joint and perform A/D conversion. Hit-pc104-hx l-p520 was used to generate PWM control signals. Each card driver had USES embedded C++ to write s-function modules, as shown in Figure 11a . system adopts an upper and lower machine structure. Correspondingly, in the test, an upper computer (with a GUI interface made by Matlab2017a) and a lower computer (with an XPC that was compatible with the upper computer's algorithm program) was used. Hit-pc104-hxl-p515 was used to collect torque and angular position sensor signals for each joint and perform A/D conversion. Hit-pc104-hx l-p520 was used to generate PWM control signals. Each card driver had USES embedded C++ to write s-function modules, as shown in Figure 11a . Figure 11b provides a comparison between the actual output friction torque of the revolute joint of the robotic big arm and the friction observer identification friction torque based on the LuGre model that offers piecewise parameter identification by GA-PSO within rotation velocity of (0-4 °/s). Here, rotation velocity greater than 1.2 °/s is considered high, and the friction torque is nearly stable. It can be seen from the figure that the friction observer identification torque based on the LuGre model can clearly identify the actual friction torque and offset the friction torque to ensure smooth operation of the moving joint at low velocity.
Comparative Test Between Piecewise Identification Method and Whole Identification Method
In order to verify the effectiveness of the piecewise parameter identification of the LuGre model, the whole and piecewise methods were used to compare and analyze the compensation control process of the model based on fixed parameters. In the experimental process, the GA-PSO method was used to identify the experimental results obtained in Section 4.2.2 by the whole method Figure 11b provides a comparison between the actual output friction torque of the revolute joint of the robotic big arm and the friction observer identification friction torque based on the LuGre model that offers piecewise parameter identification by GA-PSO within rotation velocity of (0-4 • /s). Here, rotation velocity greater than 1.2 • /s is considered high, and the friction torque is nearly stable. It can be seen from the figure that the friction observer identification torque based on the LuGre model can clearly identify the actual friction torque and offset the friction torque to ensure smooth operation of the moving joint at low velocity.
In order to verify the effectiveness of the piecewise parameter identification of the LuGre model, the whole and piecewise methods were used to compare and analyze the compensation control process of the model based on fixed parameters. In the experimental process, the GA-PSO method was used to identify the experimental results obtained in Section 4.2.2 by the whole method and segment method, and the identification results obtained, respectively, were used for variable velocity experiment analysis, as shown in Figure 12 . The solid blue line and the dotted red line, respectively, represent the theoretical curve and the actual curve of the joint angular position response when the rotation velocity of the arm joint increases from 0 to 1.5 • /s at a time of (0-4) s.
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Preliminary Work
The main object of this experiment is the big arm joint of a cantilever beam prostate seed implantation robot. For low velocity operation, the performance index requirements are as follows: minimum stationary velocity is 0.005 • /s, and error band is ± 0.001 • /s. For comparative analysis, conduct four sets of step response signals with input velocity of 0.1 • /s, 0.01 • /s, 0.005 • /s, and 0.001 • /s. The four groups of curves in Figure 13 are the angular position curves of the system at different velocity without friction compensation control. The control mode adopts velocity loop (PID) control, position control is turned off, and its angle position is measured by a rotating encoder. In Figure 13 , red line 1 is the theoretical angular position curve, black line 2 is the actual angular position curve, blue line 3 is the error upper boundary curve, and green line 4 is the error lower boundary curve. It can be seen from Figure 11 that the creep phenomenon becomes more and more serious with decrease in velocity, impacting the low velocity performance of the system. Figure 13a shows the angular position curve with a velocity of 0.1 • /s, from which it can be seen that the system response tracking effect is good with almost no error. Figure 13b shows the angular position curve with a velocity of 0.01 • /s. At this point, it can be seen that there is a slight creeping phenomenon during system tracking. Figure 13c is the angular position curve with a velocity of 0.005 • /s, at which point the creep phenomenon during system tracking is obvious. Figure 13d is the angular position curve with a velocity of 0.001 • /s. These figures clearly show that the crawling and jumping phenomena become more and more obvious as system velocity gradually decreases.
In Figure 13 , red line 1 is the theoretical angular position curve, black line 2 is the actual angular position curve, blue line 3 is the error upper boundary curve, and green line 4 is the error lower boundary curve. It can be seen from Figure 11 that the creep phenomenon becomes more and more serious with decrease in velocity, impacting the low velocity performance of the system.
Comparative Experimental Analysis and Discussion
As per the analysis in Section 6.3, the results in Figure 13c were taken as the reference object in the comparative test. Meanwhile, the system was controlled by the LuGre friction model based on fixed parameters, and the LuGre friction model compensation control strategy to identify parameters by GA and GA-PSO was used for comparative analysis. The results of the low velocity angular position curve of the system after friction compensation control are described below. Figure 14a shows the actual angular position curve of the system with a velocity of 0.005 • /s under compensation control of the LuGre friction model based on GA identification parameters; the parameters of the LuGre friction model were identified by the whole method. It can be seen that the crawling condition is significantly improved, when compared to proportion control. Although the fluctuation of the curve is reduced and the operation is more stable than before, there is some error, indicating that there still exists a large "dead zone" phenomenon. Figure 14b shows the actual angular position curve of the system under the compensation control of the LuGre friction model with a velocity of 0.005 • /s based on the identification parameters of GA-PSO; the parameters of the LuGre friction model were identified by the subsection method. The control effect of this method was found to be good, the creep phenomenon was suppressed, and the "dead zone" phenomenon had significantly improved.
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In order to verify the effect of position tracking, the big arm joint of the robot was used in the experiment. The PID control of the simulation model in Section 5.2 and Section 5.3, and the fixed parameter compensation control of the LuGre friction model based on parameters identified by GA-PSO, were combined for experimental analysis. At the same time, the LuGre friction model adopted a piecewise parameter identification method. Figure 15 . The blue dotted line in Figure   15a and Figure 15c represents the input signal, and the red line represents the tracking signal.
As can be seen from Figure 15a , the PID control method has deviation in position tracking, and control effect is poor. A large position error is shown in Figure 15b , and the experimental results are consistent with the simulation results. A comparison of Figure 15c and Figure 15d reveals that the LuGre friction model compensation control based on identification parameters of GA-PSO is better than the tracking effect with the PID control alone, verifying the rationality of the simulation analysis.
Conclusions
In this paper, the motion output position instability caused by the friction torque of the robot's motor and rotating joint during low-velocity motion was analyzed and studied. The conclusions are as follows: As can be seen from Figure 15a , the PID control method has deviation in position tracking, and control effect is poor. A large position error is shown in Figure 15b , and the experimental results are consistent with the simulation results. A comparison of Figures 15c and 15d reveals that the LuGre friction model compensation control based on identification parameters of GA-PSO is better than the tracking effect with the PID control alone, verifying the rationality of the simulation analysis.
In this paper, the motion output position instability caused by the friction torque of the robot's motor and rotating joint during low-velocity motion was analyzed and studied. The conclusions are as follows:
On analyzing the main factors affecting low velocity instability, the LuGre model was identified and used to control friction compensation. Experiments were carried out on the big arm joint of the robotic system, and data were obtained to identify the static and dynamic parameters of the LuGre friction model. By comparing PSO and GA, it was found that GA-PSO offered higher convergence speed and optimization accuracy when identifying static parameters of the LuGre friction model, making the identified model more accurate.
In the process of static parameter identification, the minimum velocity point and critical Stribeck velocity point of the friction torque were taken as boundary points. Identification of the cubic spline difference curve fitting parameters were subsequently carried out. By comparing with the whole identification method, the validity and rationality of the method are verified, and dynamic stability of the rotating joint under low velocity operation was found to be improved.
In the sinusoidal position response simulation and PID control simulation, the results show that friction compensation control based on the LuGre friction model is ideal. Meanwhile, PSO, GA, and GA-PSO were used to compare the static parameters that were identified by the LuGre friction model in the simulation of the relationship between velocity and angle position. It was revealed that PSO and GA were able to adopt overall identification, while GA-PSO implemented piecewise identification. Simulation verification discovery was found to effectively alleviate the "dead zone" phenomenon and improve the low velocity stability of the robot. The LuGre friction model control method (based on GA and GA-PSO for parameter identification) and the PID control method were used to study the relationship between velocity and angle position. The experimental results show that piecewise parameter identification offered by the LuGre friction model based on GA-PSO has a better compensation control effect and effectively inhibits occurrence of the creep phenomenon in low velocity movement of the big arm joint.
A comparative experimental study on the position control response of the big arm joint of the cantilevered prostatic implant robot was carried out. A compensation control method based on the LuGre friction model and the PID control method were used for comparative analysis of sinusoidal position response tracking. The experimental results show that the compensation control method based on the LuGre friction model with piecewise parameter identification by GA-PSO can effectively improve the dynamic performance of rotating joint position tracking for low-speed motion.
In future research, we plan to adopt a new force-bit hybrid tracking control algorithm to study the stability of the robotic rotating joint. This will help ensure the stability of the joint at low velocity and improve its dynamic characteristics, so that doctors can offer prostate cancer patients better, more convenient, and safer treatment options.
